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Abstract

V05 gels produced by sol-gel methods have several potential uses in electronics and

catalysis, but the rate and mechanism of the synthesis remain poorly understood. Recent
. . . 51 N
results disagree with models previously proposed. V NMR spectra show that the initial

. . . . . . Vv
reactions involve the consumption of the dioxovanadium cation (V 02+). The only other

vanadium(V) species in solution, decavanadic acid, acts only as a source of dioxovanadium
cations for the polymerization. The oxovanadium cation (VW02+) acts as an initiator for
the polymerization through a dimerization reaction with the dioxovanadium cation.
Hydrolysis of the polymer allows further decavanadic acid decomposition to the
dioxovanadium cation by furnishing protons. 51V MAS NMR of the resulting colloidal
suspensions indicates that the vanadium environment in the polymer is similar to that of

the dioxovanadium cation.




Introduction
Though the chemistry of V205 sols and gels has been studied, it is not yet clear
how to engineer their processing to produce desired propertiesl'(’. The relationship
between the characteristic ribbon structure of the gel and vanadate solution chemistry
1-6

remains unclear . Our goal is to determine what chemical steps control the rate and

mechanism of deselopment of this intriguing gel microstructure through the use of Sly
NMR and EPR.

From a modeling standpoint, the most straightforward processing procedure is to
acidify a solution of metavanadate salt with an ion exchange resinz. Alternative
procedures include addition of mineral acid to vanadate solutions7. hydrolysis of

8 9. The ion exchange method, though., is

alkoxides®, or addition of molten V205 to water
attractive for study as it introduces no new components and it causes slow enough gelation
for NMR analysis. Using insights from work on vanadate chemistry and 51V NMR in

10-25 , we can identify the species present as gelation occurs and monitor

aqueous solution
reactions among them in order to build a kinetic model that can be used in process design,
optimization and control.

A previously proposed model involves a tetrahedrally coordinated, uncharged
vanadium(V) monomer, which exchanges with both decavanadate anions and an

octahedrally coordinated, uncharged monomer as shown in (a) and ( b)26'27:

vVoor;; <> vVoyoH + H ()
v - v v -
X\ V' 02(0H)2 + (10-x)V O(OH)3 <@ [V 10028He-x]" + 12 H20 (b)

Y . v
VO(OH)3 + 2H0 <€ V O(OH)3(Hy0)2 ()




According to this model, if x=0 in reaction (b), it is presumed that water molecules
become better nucleophiles than the tetrahedral VVO(()H)3, so water attacks the latter to
form the octahedrally coordinated species VVO(()H)3(H20)2 as in reaction (c). Itis
thought that this occurs near the point of zero charge, i.e., at pH=2: a sequence of olation
and oxolation reactions between the VVO(OH)3(H20)2 molecules then builds the

26,27

characteristic ribbon structure of the polymer . The rate limiting step of the

polymerization, then, is thought to be an olation reaction between the octahedral
monomer526’27.

Gelation via ion exchange is remarkably slow (requiring up to months in dilute
solutions), even though the supposedly rate limiting olation reaction is currently thought

to be quite fast26’27

. For that reason we are especially interested in what other rate
limiting step could hinder polymerization.
Experimental

Gels were prepared by acidifving 0.1M, 0.2M, and 0.4M sodium metavanadate
solutions (initial pH=7)2'3'4. A column of Dowex 30W X-2 50-100 mesh ion exchange
beads was charged with hydrochloric acid, washed with deionized, distilled water, and
then used for acidifying the solutions. Typical concentrations of chlorine and sodium in
the solution were only 8.1 x 1().S and 1.2 x IO-SM, respectively, as tested by atomic
absorption spectroscopy.

51v NMR spectra were referenced to an external sample of vanadium oxy-
trichloride, VOCl; (0 ppm). 51v NMR spectra were acquired at 131.487 MHz on a GE 500
NMR spectrometer using a pulse width of 12 us, a relaxation delay of 0.5 s, a sweep width
of 60 kHz, and 256 scans per spectrum for liquid samples. MAS NMR experiments were
performed using a high speed 3mm Doty probe utilizing a Si;N, rotor spinning at 10 kHz
with the pulse width and relaxation delay unchanged. Sweep widths of 60-100 kHz were

used in MAS experiments and, due to the small sample size, up to 10,000 scans were




acquired per spectrum to improve the signal to noise ratio. Electron paramagnetic
resonance spectra were acquired on a Bruker ESP 300 with a sweep width of 3400 Gauss.
The starting 0.1M metavanadate salt solutions are light yellow in color and have
pH=7. With passage through the ion exchange column, these solutions darken to orange
and the pH is reduced to ~2. As the effluent ages, the pH remains almost constant (Figure
1), and brown colloidal particles are formed (Figure 2). After 6 days, a dark, red viscous
sol is formed. Solutions using the higher concentrations of 0.2 and 0.4M vanadate behave
similarly but form the sol at a much faster rate.[Insert Figures 1 and 2]
> 1V solution NMR spectra are shown in Figure 3 for the 0.1M vanadate
concentration. The spectrum of the initial effluent solution (t=0) shows the presence of
several peaks. Three peaks at -426 ppm, -512 ppm, and -531 ppm are assigned to the
diprotonated form of the decavanadate anion (decavanadic acid) at pH=2 based on
references 15 and 17. The peak at -545 ppm is assigned to the dioxovanadium cation
based on these references and also by comparison with the chemical shift of a freshly
prepared dioxovanadium cation solution ( bH-O). The remaining small peaks at-523 and
-337 ppm disappear from the spectra within 7 hours (Figure 4), indicating that the
species they represent are not stable at these conditions. These two shifts are close to
those previously reported for the triprotonated form of the decavanadate anion;

H 3Vm0283- 7. The third peak at -424 to -427 ppm associated with this species may be

obscured. This species was shown to be unstable in aqueous conditions at low pH where it
. . . . . . 17-23
disproportionated into the dioxovanadium cation .
Figure 5 shows a distribution of the vanadium(V) in the various species over two
months. Three distinct processes are observed over the time required for gelation.

1) The triprotonated decavanadate anion disappears from solution (Figure 4), and this

coincides with the first colloidal particles observed in solution at day 1.




2) Dioxovanadium cation is consumed by 4 days to form more colloidal particles, and a
broad peak appears at -347 ppm. During this time, the decavanadic acid concentration
remains nearly constant.

3) After the concentration of the dioxovanadium cation is decreased to one half of its
initial concentration, the decavanadic acid concentration starts to decrease. The bulk
of the decavanadic acid is consumed by 5 days, but then the remainder is consumed
more gradually.

To confirm that the broad peak corresponds to the polymer, magic angle spinning

(MAS) was performed on a 0.1M sample aged for one month28'29. The spectrum is shown

in Figure 6. The reappearing peak at -547 ppm corresponds to Vv in the polymer. Ninety

percent of the vanadium originally present in the sample is now incorporated into this
peak. MAS was also performed on 0.2M and 0.4M vanadate gels (Figure 7). While the
solution spectra at these concentrations were similar to the 0.1M vanadate spectra (Figure

3), the MAS spectra show no decavanadate species; the broad peak at -547 ppm, though, is

stiil present. Since one would not expect quadrupolar broadening to be so completely

averaged by ordinary MAS, we deduce then that chemical environment of the vanadium(V)
in the polymer is symmetric and similar to that of vanadium(V) in the dioxovanadium
cationzs'zg.

Vanadium(IV) has been examined by EPR at both ambient and low temperatures;
both ENDOR and X-Band techniques have been used‘7"30'31’3'2’3 3. Our EPR spectra of the
vanadium(lV) species both before and after gelation agree with these studies. The EPR
spectra shown in Figure 8 display the characteristic eight line spectrum for an unpaired
electron coupling with the spin=7/2 vanadium nucleus“. The initial concentration is
approximately 0.001M as-determined by comparison to a standard solution of VIVO(SO4)+.
With aging, though, the EPR spectrum collapses to a single, central line due to
delocalization of electrons as the solution gels. Note that the vanadium(lV) spectrum is

converted during the same period that the dioxovanadium cation is consumed.




Discussion
About eighty percent of the vanadium in the effluent solutions is initially
incorporated in the decavanadate anions. The triprotonated form of the decavanadate

17. Its disappearance coincides with the

anion is initially present, but is highly unstable
formation of the first colloids in solution. The diprotonated decavanadate anion and the
dioxovanadium cation remain in solution. The equilibrium between the decavanadic acid
and the dioxovanadium caton in reaction (d) has been investigated by Rossoti and

Rossot:i3 S:

HyVV 00y + 140 <> 10vV0,* + 8H,0 (@

Using their reported equilibrium constant, the equilibrium concentration for the
dioxovanadium cation under the present conditions should be ~0.005M. Even though the
dioxovanadium cation is initially at supersaturated concentration, no decavanadic acid is
formed by the reverse of reaction (d); this is consistent with previous reports that this
reacrion is very slow3 5.

When the concentration of dioxovanadium cation drops below 0.005M, though, the
decavanadic acid decomposition is rapid. The break-up of the decavanadic acid, though,
requires a large number of hydronium ions. Since the concentration of dec;}vanadic acid

drops precipitously without a corresponding rise in pH, a hydrolysis reaction must be

occurring to supply the needed protons.

unhydrolyzed polymer <  hydrolyzed polymer + H* (e)

If reaction (e) is fast, the pH is maintained.
After the steep drop in concentration of the decavanadic acid fromday 4 t0 3, a

more gradual decrease persists as shown in Figure 5. The slowdown might be due to the




following reaction limitatons. The consumption of dioxovanadium cation and
triprotonated decay anadate anion from t=() to t=4 days allows a reserve of unhydrolyzed
poly mer to be built up in solution, This reserved provides reaction (d) with hydronium
ions for a short time. After the hydrolysis of all the accumulated polymer is exhausted,
though, the rate of decomposition of the decavanadic acid decreases. Polymerization of the
dioxovanadium cation still continues, though. If the polymer hydrolysis (e) is a fast
reaction, the decomposition of the decavanadic acid now depends largely on the
polymerization rate of the dioxovanadium cation.

it has been shown that the presence of the vanadium(IV) species in solution is

needed for polyme. ‘zation to occur3 '4. This vanadium(lV) species is identified as the
oxovanadium cation, formed by a reaction of the following ty'pe34'3 6.
\Y \Y%
WO+ S 0p+4v 0P a2H,0 (f)

The oxidation half-cell reaction could occur by oxidation of either water, as shown, or of

LV v
the ion-exchange beads used. The reaction of V 02+ and V O2+ to form mixed valence

dimers has been confirmed in acidic conditions with a number of different

solventsS -38:39,40.41,42
- \%
51y NMR and EPR spectra show a simultaneous consumption of the V 02* and

VNO?'+ cations. That delocalization of the unpaired electron of the vanadium(IV) species
occurs at the same time as the consumption of the dioxovanadium cation consumption
suggests that the initial reactants in the polymerization process are in fact the
dioxovanadium cation and this vanadium(lV) species. The simultaneous appearance of
colloidal particles and dis;appearance of the dioxovanadium cation indicates that the

dioxovanadium cation, not the decavanadate anion, acts as the reactant for polymerization.

The polymers apparenty then act as a source of the hydronium ions for the decomposition




of the decavanadic acid. The decavanadic acid apparently acts only as a source of

diovor anadium cations for the pols merization-gelation process.

None ot the previously proposed tetrahedrally coordinated V\' intermediates are
obsen cd')"‘y. The MAS STV NMR spectra show that the vanadium environment of the
poly mer in solution is similar to that in the dioxovanadium cation. The chemical shift is
only 1-2 ppm away from that of the dioxovanadium cation, indicating that the VV are still
13. The chemical shift is quite diffcrent from that of the

crystalline form of vanadium pentoxide'B.

in octahodral coordination

All of the above evidence is consistent with the following chain propagation

polymerization scheme.

Vo + 140+ e 510vY L s Hy0 (A)
v ‘(
VV + V“——-—)Vp* (B)
- V \ -
vp + VBV, L v, ()

Vp—&)vh « H* (D)
\%

Neither coordinated water molecules nor charges are indicated, and V| [=] HV 1()0284~'

v R\ vV 2. . o L
Vo [=lVO" V=1V 0%, V=] vanadium site in the polsy tuer, Vp * [=] reactive sites on
vianadium polymer, Vhp [=] hydrolyzed polymer), Kjec [=] decomposition rate constant, kg
[=] dimerization rate constant, kp [=] polymerization constant, and Ky, (=] hydrolysis rate
constant. [his scheme is quite different from those previously proposedZ("2 ‘.
Chain propagation is assumed to occur exclusively at the reactive end, and the

reactivity of this site is assumed to be independent of the chain Icng(h'”. Balances for

cach species can be written:




avV e = - kd[VN”VV] I

\Y V. V \Y,
IV 1At = -RglV IV ] kg [Vp IV 1+ 10okgeoHAIV o 2)

diVyl/du = - KgecHIV 4] 3)
vV
diVpeff) 7dt = kp [Vp 11V '] +4)
vV _V
diVp *Vdu=kglV 1V ] 3)

in formulating these rate expressions, severai assumptions have been made:
a) The reverse of reaction (A) to form decavanadic acid does not occur to any
appreciable extent.
b) The concentration of reactive sites on the polymer is equal o the concentration
of the initiating oxovanadium cation, in accordance with the classical chain
propagation mechanism'“.
¢) The vanadium sites in the unhydrolyzed and hydrolyzed polymers can not be
distinguished by Sly NMR, so the rate law for Vp(eff) also does not differentiate
between the two polymers. In addition, the initial accumulated amount of polymer
is hydrolyzed during the start of the decavanadic acid decomposition, and the
hydrolysis of the polymerized dioxovanadium cation occurs immediately (o supply
protons for the continuing decavanadic acid decomposition. Vp is either all
unhydrolyzed, as at t < 72 hours, or all hy drolyzed at t > 72 hours, as reaction 2)
activates and co.nsumes all available protons from the unhydrolyvzed poly mer. Both
forms of the polymer do not co-exist in solution for more than a short period time
at the start of the decavanadic acid decomposition, and so both are represented by
N

prerpy 0 the rate laws.




!

17 .
It is somewhat smaller than suggested by O NMR relaxation techniques " ".

d) The rate taw for the polymerization of the dioxovanadium cation is first order ir.
hoth the monomer and the amount of reactive sites'“.

¢) In accordance with references 435 and 406, the rate of decavanadic acid
decomposition is first order in [H*], meaning that the first nucleophilic attack of
I1* is rate limiting. The decomposition of decavanadic acid was assumed to follow a
rate expression of kdec[H+|[H2V1()Ozg4'l. As the decomposition reaction (A)
occurs, the hydrolysis of the polymer will occur quickly to maintain the pH at 2:
the polymer is acting as a buffer. Since the hydrolysis of the polymer seems to be
extremely fast, no pH dependence on the rate of (e) can b:e observed. The
concentration of protons was included in the rate constant to yield the rate law

K'decfH2V10028*)

f) (H*] is constant, as dictated by the buffer reaction (D),

Rate constants were evaluated by fitting data from 6 to 200 hours with initial conditions

consistent with the spectra presented:

1) [VN]=O.0001 M

2) [VV] =0.018 M

3) [Vl =0077 M

4) [Vp(efn)) = 0.005 M

5) [H] = 0.01 M

0) [Vp*] = 0.0003 M

The rate constants found were:

kyq = 2 liter(mole-hr)™!

kp = 28.4 liter(mole-hr)"! for t < 72 hours, 500 liter(mole-hr)™! for t > 72 hours

K'dec = 0.0458 hrt

Integrated sotutions using these parameters are shown in Figure 9.[insert Figure 9)

The rate constant kj was determined from the from the EPR data shown in Figure 8.
+47




The rate constant, Kp. is 28.4 liter( mole-hr)-1 before the start of the rapid
decomposition of the decavanadic acid. The polymer at this point in the gelation is
unhydroly zed. After the start of the decavanadic acid decomposition, the effective rate
constant of tne p()l)'meri:zalion reaction must increase o 500 liter(mole-hr)"! to be
consistent with the observation that there is no accumulation of dioxovanadium cation in
solution. This indicates that after hydrolysis the polvmer is more reactive towards
polymerization of the dioxovanadium cation. This is supported by the observed
autocatalytic ability of the reacted sol to accelerate gelation in unreacted solutions[+]. The
initial decomposition of the decavanadic acid will also consume all of the accumulated,
unhydrolyzed polymer in solution, so the polymerization becomes controlled by this new
polymerization rate constant. The new rate constant also explains the precipitous drop in
decavanadic acid concentration seen in Figure 5. The slow consumption of the decavanadic
acid in solution after 120 hours as the reaction sequence becomes rate-limited by the
polymerization of dioxovanadium cation to supply protons for decavanadic acid
decomposition. Nearly 80% of the vanadate in solution has been polymerized by this time.

The rate constant, k'gec, determined for this reaction is 0.0458 hr-l. It is much
lower than the value of 0.432 hr.1 predicted by Kepert in solutions close to these sols in
pH and ionic sn*engl:h45 46 This lower value may result from the rate-limiting effect of
the formation of the polymer chain in solution. This rate limitation is overcome at the
higher vanadate concentrations of 0.2 and 0.4M as shown in the MAS spectra in Figure 7
but effects on coating quality and material properties are unknown. The absence of
decavanadic acid in these gels means that a stoichiometric amount of protons needed for

decavanadic acid decomposition is being obtained by the polymer hydrolysis. This would

suggest a repéat unit of (VO2(OH)(OH3))) in the hydrolyzed polymer.




Conclusions

Geladon of V205 solutions by ion exchange acidification is governed by a number
of reactions. The amount of oxovanadium cation produced is a major limiting factor.
Without it to initiate the polymerization process, no consumption of dioxovanadium cation
can occur other than the very slow process of decavanadic acid reformation. Later steps in
the process are limited by the production of dioxovanadium cation from the decomposition
of decavanadic acid, which is in turn limited by production of protons from the newly
polymerized dioxovanadium cations. Only a small amount of dioxovanadium cation must
be present in solution for equilibrium of reaction (d) to be established after the initial
sharp drop in decavanadic acid concentration. However, polymerization of dioxovanadium
cations continues slowly beyond this point; preventing equilibrium from being
established and aiding in the continuing decomposition of the decavanadic acid.

These results do not support previously proposed models for this system. The
mechanism of rearrangement and assembly into the two-dimensional ribbons from the

linear polymers still remains in question26'27.
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Figure 2. Development of V,05 Sol
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Figure 8. EPR Spectra of Reacting Solution
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